We present the prospects for exploring low-scale dark sectors with the future DUNE experiment and the impact of the movable off-axis near detector concept, DUNE-PRISM, and a higher energy beam configuration. We focus on a simple scenario which extends the Standard Model by a "dark" U (1) D , comprised of scalar or fermion dark matter and a dark photon kinetically mixed with the photon. We consider nucleus and electron scattering signatures of dark matter produced in the beam via neutral pseudoscalar meson decays. Our results show that, by analyzing the energy spectra of single-electron events in multiple off-axis angle, DUNE-PRISM can substantially increase the experimental sensitivity to these models, reaching theoretical targets for thermal relic dark matter for a wide range of dark photon and dark matter masses.
similar to neutral current neutrino interactions while DM-electron scattering would look like ν e − → ν e − or ν e N → e − N processes.
An effective way to reduce the neutrino background is to look at events coming from off-axis neutrino beams [23, 27] . In accelerator neutrino experiments, neutrinos are produced by the decay of charged mesons produced by a proton beam hitting a target. To enhance the neutrino flux, these mesons are focused in the beam axis direction by a magnetic horn system (lowering the off-axis neutrino flux). Light DM, on the other hand, is mainly produced by the decay of neutral mesons like π 0 and η which are not focused by the magnetic field. Therefore, large off-axis angles typically translate into better signal-to-background ratios in light DM searches at accelerator neutrino experiments.
In this manuscript, we will focus on the phenomenology of these low scale dark sectors in the future Deep Underground Neutrino Experiment (DUNE) [30] . The DUNE experiment will have unprecedented sensitivity to neutrino oscillation parameters by probing ν µ → ν µ , ν µ → ν e and the CP -conjugated channels in liquid argon time projection chambers. To achieve its desired precision on the determination of oscillation parameters, the DUNE program will need to disentangle the complicated neutrino-nucleus interaction effects at GeV energies from the neutrino flux shape, a daunting challenge for both theoretical and experimental physics. A way of overcoming this challenge is the DUNE-PRISM detector [31] .
DUNE-PRISM proposes to have a movable near detector to probe the neutrino beam in different off-axis angles. Although the neutrino flux is difficult to predict, as it is determined by meson production in the proton beam, the ratios of on-to off-axis fluxes depends only on kinematics and thus are much easier to calculate. Therefore, the shape of the cross section and the non-trivial effects of neutrino-nucleus interactions can be determined by measuring the neutrino flux at different off-axis angles using DUNE-PRISM.
Another concept of the DUNE design of interest here is the tau optimized beam configuration (which we will refer to as high energy or HE configuration). The proposal is to reconfigure the beam line to focus higher energy mesons so that the neutrino beam has a higher energy profile, allowing the experiment to study the appearance of tau neutrinos on a muon-dominated neutrino beam ν µ → ν τ . Tau production from ν τ requires large neutrino energy, E ν m τ (1 + m τ /2m p ) ∼ 3.5 GeV, where m τ,p are the tau and proton masses, respectively. The energy profile of the neutrino beam in the HE configuration has a distinct dependence on the off-axis angle, and thus it is conceivable that it may enhance DUNE's sensitivity to light DM scenarios. The goal of this manuscript is to evaluate the sensitivity of DUNE to light dark matter scenarios and the synergies of the DUNE-PRISM concept and a possible tau optimized beam configuration run. The crux here is the different energy profiles between the DM signal and the neutrino background as one goes to off-axis angles accessible to DUNE-PRISM. We will show that the ability to perform measurements at different off-axis angles significantly enhances the sensitivity to light dark matter models.
The paper is organized as follows. In Section II we explain the details of the models considered, as well as the DM production mechanism in neutrino beams (Section II A) and detection at DUNE (Section II B). A discussion on on-to off-axis searches and the statistical method used are provided in Sections II C and II D. The DUNE sensitivity is estimated in Section III, and in Section IV, we provide some experimental targets and existing constraints on the scenarios we consider. The appendices provide useful information on the calculations of meson branching ratios (A), DM scattering cross section (B), background reduction for electron scattering (C) and sensitivity improvements from electron kinematics (D). We conclude in Section V.
II. LIGHT DARK MATTER IN A NEUTRINO FACILITY
Models of sub-GeV thermal relic DM typically require the existence of a light dark sector, uncharged under the SM symmetry group, whose states mediate the interactions between the DM and the SM particles. In this work we will focus on a vector boson model. As an example, we consider a dark matter/dark photon scenario in which the SM gauge group is extended by an additional "dark" U (1) D . The SM particle content is also augmented to contain a new massive gauge boson A and the DM, which can be either a fermion χ or a complex scalar φ, charged under the (broken) U (1) D symmetry with gauge coupling g D . The terms of the Lagrangian of interest, if the DM is a fermion χ, are
where ε is the kinetic mixing parameter between the SM U (1) and the new U (1) D , and M A and M χ are the dark photon and DM masses, respectively. For complete generality, we will make no assumptions relating M χ and M A unless showing results. We also consider the situation in which the DM is a charged scalar φ, interacting with the dark photon via
This situation contains the same number of free parameters as when the DM is fermionic. Whenever a process or an argument applies to both DM candidates, we will simply refer to it generically as dark matter. If distinction between fermion and scalar DM is necessary, it will be made explicit in the text by use of χ and φ, respectively. Many constraints on these two scenarios are identical (since they only rely on searches for A , for example), but we will discuss the subtleties and differences between these throughout the following sections. For concreteness, we will assume that the DM is a thermal relic, and its initial abundance (or particles and antiparticles) is symmetric. In this case, the masses of the DM and A , as well as the couplings ε and g D must satisfy specific relations so that DM comprises the entire observed relic abundance. This sets a target for the searches at DUNE and other experiments. In Section IV we will discuss the relic target as well as other constraints on these scenarios.
In the following subsections, we discuss how particles of this dark sector are produced in a neutrino facility (Section II A), the signals and backgrounds associated with searching for this in a liquid argon detector (Section II B), and the advantages of performing this search at multiple on-and off-axis detector locations (Section II C).
A. Dark Matter Production
Since the dark photon A mixes with the SM photon via ε, any process in which photons participate at a neutrino facility can lead to A or DM production. When M DM and M A are between roughly 1 − 100 MeV, the dominant production mechanism of these is via neutral pseudoscalar meson m decay. At DUNE, a large number of π 0 and η will be produced † in the fixed-target collision. They can decay via m → γA followed by A decaying to a DM pair. Of interest too is the off-shell decay m → γA * , A * → χχ (φφ † ), which is important if
We do not include Drell-Yan production in our simulations, as it does not lead to sensitivity reach better than existing experimental limits. These different regimes are summarized in Fig. 1 .
For the on-shell regime, a pseudoscalar meson will have a branching fraction of m → γA proportional to its γγ branching ratio,
(3) † Heavier mesons that can decay into DM are also produced at DUNE, such as J/ψ and Υ. However, the DM production rate via their decays are only important when MDM > mη/2. We find that this, coupled with the lower production rates, leads to them being insignificant for this analysis. The same conclusion is true for direct Drell-Yan production of DM.
Phase space for DM production at a fixed-target experiment as a function of dark photon mass M A and DM mass M DM . In this schematic representation, we consider production via one neutral meson m decay and Drell-Yan production→ χχ (φφ † ). In the region above M DM = M A /2, experiments are sensitive to both neutral current scattering in detectors as well as dark trident signatures [27] .
We show the derivation of this result in Appendix A for clarity. Depending on M A , the A can then decay to a DM pair as well as e + e − or even µ + µ − if it is heavy enough. The decays to SM leptons are suppressed by ε 2 , whereas the decay to dark matter is proportional to α D ≡ g 2 D /4π, which we assume to be large relative to ε 2 . In this case then, the dark photons will decay nearly all of the time into pairs of DM which, if their momenta are forward enough, will travel to a detector downstream the beam.
In the regime where A must be off-shell and three-body decays to DM dominate (upper left corner and right region in Fig. 1 ), the branching ratio to fermionic DM, m → γχχ, is given by
where
We show the derivation of Eqs. (4) and (5) in Appendix A.
To estimate the DM flux, we use the software Pythia8 [32] to generate meson production assuming 120 GeV protons ‡ hit a target. Given the four-momenta of these mesons, we may generate decays in the m centerof-mass frame and then, after boosting back to the lab frame, determine whether their decay products reach a downstream detector. We consider production of π 0 and η mesons and we find that, on average, 4.5 π 0 are produced and 0.5 η are produced per proton-on-target. For each combination of M DM and M A , we determine the differential DM flux, as a function of the DM energy, that reaches the detector and use this flux in estimating the experimental sensitivity to the light dark matter scenario. ‡ Various proposals of the beam energy and luminosity for the LBNF-DUNE beam have been given [33] . We find in practice that the produced DM flux does not depend strongly on the beam energy for 80 GeV or 120 GeV protons. 
B. Signals and Backgrounds at the DUNE Near Detector
In the next decade, DUNE will begin collecting data, focusing primarily on neutrino oscillations and cross section measurements. However, the far detector (40 kt) and near detector (75 t) will be powerful multipurpose experiments enabling several searches for new physics. We are interested in situations in which the DM particles, produced in the target, travel the 574 m to the near detector, which we assume to be 3 m × 4 m × 5m, and scatter with the detector material.
For detection signatures, we will consider the quasielastic scattering of DM particles off a target nucleon (a proton in argon) or electron in the DUNE near detector. Scattering off nucleons DM + N → DM + N will look identical to neutral current neutrino scattering νN → νN , which we will refer to as Nucleon Scattering (NS). Scattering off electrons with DM + e − → DM + e − will also have neutrino-related backgrounds, both ν µ e − → ν µ e − and ν e N → e − N , however we will discuss the ability to reduce these backgrounds in the following sections and Appendix C. For M DM > M A /2, the "dark trident" detection signature, in which DM scatters off the nucleus and produces a lepton pair, is also kinematically accessible [27] . It provides an interesting, low-background, complementary search for DM in this region of parameter space. We leave the possibility of searching for dark trident events in DUNE-PRISM to a future work.
Nucleon Scattering (NS) Detection Signature: As stated above, our detection signature DM + N → DM + N looks identical to neutral current neutrino scattering νN → νN . For this search channel, we will restrict ourselves to neutral current quasielastic (NCQE) scattering off protons to reduce confusion regarding reconstruction of the outgoing nuclear system energy (for instance, when the scattering is deeply inelastic and consists of many final-state particles). The experimental signature would consist of a single proton track with no associated lepton. In DUNE, roughly 20% of neutral current neutrino scattering events at the near detector are expected to be quasielastic.
We assume a minimum proton recoil energy E min = 30 MeV in order for detection, and use the cross sections (including nuclear form factors) from Ref. [34] in order to calculate the number of expected background events. We adapt this calculation to estimate the signal events by including nuclear form factors in the calculation of our signal process DM + N → DM + N . This cross section can be calculated analytically akin to electron-nucleon scattering (albeit with a massive mediator) and can be found in Appendix B.
In the left panel of Fig. 2 the differential cross sections are shown as a function of recoil energy of the nucleus, while the right panel displays the total cross section as a function of the energy of the incoming neutrino or DM particle. We compare the cross sections for the signal and background processes, DM + N → DM + N for fermionic DM (scalar DM) in black (black dashed) and νN → νN in red. For the DM scattering, we adopt M A = 90 MeV, M DM = 30 MeV, α D = 0.1, and ε = 10 −4 . In the left panel, we fix the neutrino/DM energy to be 3 GeV, typical of the DUNE beam. While the total cross section (right panel) has a similar shape for the two processes, their differential cross sections as a function of recoil energy are different, specifically for small values of E rec . Therefore, the more sensitive an experiment is to low E rec , the higher the likelihood of detecting a DM component in the event spectrum for light dark photons. It is important to bear in mind that the experimental sensitivity is driven not only by the DM interaction cross section but also by the DM flux, which is much lower than the neutrino one.
For one year of operation in neutrino mode, the DUNE near detector will observe O(10 6 ) neutrino-induced NS events. We find that for parameters of interest (M DM = 30 MeV, M A = 90 MeV) the number of signal events is O(10 16 ) × α D ε 4 . Note that here the number of signal events scales with α D ε 4 -two powers of ε from the production via neutral mesons § and a factor of α D ε 2 from the neutral current scattering via A . In calculating NS signal and background event rates, we only consider scattering of neutrinos/DM off protons in the liquid argon DUNE near detector: these events will lead to more obvious and easy-to-reconstruct signals, as protons are both easier to identify and reconstruct compared to neutrons. Although the inclusion of other event topologies like resonant or deep inelastic scattering may add statistical power to the experimental search, the NS signature cannot compete, by a good deal, with electron scattering, as we will see later.
Electron Scattering (ES) Detection Signature: For light DM/A , the scattering DM + e − → DM + e − can be significant, despite the lower mass of the electron compared to nucleons. The signature here is one very forward-going electron, due to the boosted system. The largest backgrounds involving a single electron are neutrinos scattering off electrons (ν µ e − → ν µ e − via a Z boson) and electron (anti)neutrinos interacting with nucleons via charged-current processes (ν e n → e − p or ν e p → e + n). While the ν − e background is irreducible, the ν − N one may be tamed by applying the following experimental cuts. First, the topological cut can be applied by requiring events to have a single electron track and no proton tracks. Background events will still pass this cut if (1) no proton escapes the argon nucleus, (2) the proton has a very small recoil energy, below 30 MeV, or (3) there is significant overlap between the electron shower and the outgoing proton track. The other useful cut is on the outgoing electron kinematics. As the electron is much lighter than the proton, the angular distribution of the outgoing electron in ν − N scattering is much wider than the one for ν − e scattering, allowing for good statistical separation of these samples. We will discuss the capability of vetoing this type of background in more detail in the Appendix C.
In Fig. 3 , we compare the three cross sections relevant for this detection signature: χ(φ) e − → χ(φ) e − , ν µ e − → ν µ e − , and ν e n → e − p. Again, we use Ref. [34] for neutrino scattering cross sections. While the cross section for ν µ e − → ν µ e − is orders of magnitude lower than that for ν e n → e − p, the flux of muon neutrinos at the near detector is orders of magnitude larger than that of electron neutrinos, leading to comparable numbers of events. As with NS cross sections, we show both differential cross sections as a function of the recoil energy E rec. (left) and total cross sections as a function of the neutrino/dark matter energy (right). The cross sections for both fermionic and scalar DM scattering off electrons are collected in Appendix B.
Due to the smaller cross sections compared to NS, we expect O(10 5 ) background ES events per year of neutrino-mode operation at DUNE. For M A = 90 MeV, M DM = 30 MeV, we can expect as many as O(10 16 ) × α D ε 4 , as the χ(φ)e − scattering cross section can be quite large. We expect that, for this reason, the sensitivity to light dark matter models will be better for ES than for NS. In the following subsection, we discuss how these event rates will change as the DUNE near detector is moved off-axis. 
C. Advantages of searching on-and off-axis
The DUNE-PRISM concept proposes for the near detector, 574 m downstream the beam, to move between 0 m and 36 m transverse to the beam direction [35] . For the sake of a neutrino oscillation measurement, this allows one to measure the neutrino flux times cross section for different energies, and provides a way to reduce systematic uncertainties related to neutrino cross sections. As one goes off-axis, the energy profile of the neutrino beam will tend to be lower-energy but more focused, with a lower total flux. For the DM production we are interested in, the corresponding energy profiles are also lowered when going off-axis, but the decrease in flux is not as pronounced as for neutrinos. This is because the neutrinos come predominantly from charged meson (π ± , K ± ) decays which are focused in the forward direction by a magnetic horn system, whereas DM comes from neutral meson (π 0 , η) decays which are not focused. This different behavior of DM and neutrino fluxes as a function of off-axis angle is key to the superior sensitivity of DUNE-PRISM to probing light dark matter scenarios. Also, the ratio between DM and neutrino fluxes experiences a local maximum near an off-axis angle of roughly 6 • , depending on DM and A masses [23, 25, 27, 36] .
Provided with the neutrino fluxes expected for different off-axis angles [37] , we can calculate the expected number of neutrino-induced NS and ES events at different positions. We assume that the DUNE-PRISM concept will allow for seven different detector positions, each 6 m apart, but the general idea here is independent of how the experiment's run time is divided. We also calculate the expected number of signal events DM + p → DM + p and DM + e − → DM + e − as a function of this off-axis position. In Fig. 4 we show the number of background events per year at each off-axis position. We do not show any error bars here for two reasons: first, statistical error bars are too small to display on this scale; second, we will discuss the correlated and uncorrelated systematic uncertainties considered in our analysis in the following section. To provide an example of the signal over background spectra, for each scattering scenario we display the number of expected signal ¶ plus background events (dotted lines) for M A = 90 MeV, M χ = 30 MeV assuming α D = 0.1 and ε 2 = 10 −6 (10 −7 ) for NS (ES) events. In green, we show the number of background/total events assuming the CCQE ν e n → e − p events can be vetoed (see Appendix C), highlighting the signal-to-background ratio increasing as ∆x OA increases.
The DUNE beam will operate in two horn currents, focusing positive and negative mesons that produce mostly neutrinos and antineutrinos, respectively. Additionally, a high-energy tune has been considered for ¶ In this subsection, we only display the expected number of events assuming Fermionic DM χ. The corresponding signal spectra are qualitatively similar for Scalar DM φ. several oscillation-related reasons, such as the ability to measure ν τ appearance and the production of τ ± leptons at the DUNE far detector [38] . In Fig. 4 , we show the expected number of events for each process we have discussed: nucleon scattering (red), electron scattering (blue), and electron scattering with the ν e n → e − p process vetoed (green). For each of these, we also show the expected number of signal plus background events assuming M A = 100 MeV = 3M χ , g D = 1, ε = 10 −3 . As discussed above, the ratio of signal to background events grows as the off-axis angle grows. In Fig. 4 , we present the number of events per year at a given off-axis position, assuming 1.1 × 10 21 POT and a 75 t fiducial mass liquid argon detector. In Section III, we discuss the division of run time into different modes and off-axis positions that we assume to arrive at our results. Fig. 4 contains subtle information regarding the focusing of the different components of the DUNE neutrino beam. Comparing the blue and green lines in each panel, we see that the decrease in background events as ∆x OA increases is much more drastic once the ν e -related background is vetoed. The blue background consists of contributions of all neutrino flavors -ν µ , ν µ , ν e , and ν e -while the green background only consists of ν µ and ν µ . We see that backgrounds involving ν e and ν e contribute significantly for large off-axis postitions, because they come predominantly from heavier meson decays (K ± ), where the heavier mesons are not focused as precisely as the lighter ones. As discussed above, the neutrino flux peaks at smaller energies when ∆x OA is larger. The ν e -related cross section σ(ν e n → e − p) grows relative to the ν µ -related one σ(ν µ e − → ν µ e − ) at lower energies, again allowing these backgrounds to contribute more for large ∆x OA .
All-in-all, this emphasizes the importance of being able to veto ν e -induced backgrounds in such an off-axis search. By eliminating them, the signal-to-background ratio becomes much larger at large off-axis angles, allowing the experiment to take full advantage of this phenomenon. Appendix C demonstrates that this veto is possible at DUNE.
D. Statistical Tests
In measuring the number of neutrino events at a near detector, significant systematic uncertainties exist, both related to the neutrino flux and the neutrino scattering cross sections. The DUNE-PRISM concept has been proposed, in part, to reduce a portion of these uncertainties. Motivated by this, we will discuss how moving the near detector off-axis allows a reduction of uncertainties in the search for light DM.
As an example, let us focus on one search channel, for instance, neutrino-electron scattering in neutrino mode, and simply do a counting experiment in each off-axis position. Let N ν i be the number of expected neutrino-related background events per year when the detector is in the ith off-axis position and N χ i be the expected DM-induced signal events in the same position, for a fixed value of ε = ε 0 1. This implies the total number of expected events to be (ε/ε 0 ) 4 N χ i + N ν i , reweighted by r m i , the amount of time that data is collected at position i for a given horn mode m (we will consider m = ν, ν, and HEν for neutrino, antineutrino, and high-energy modes, respectively).
We assume three sources of uncertainty: statistical, correlated systematic, and uncorrelated systematic. For a correlated systematic uncertainty, we include a nuisance parameter A that modifies the number of neutrinorelated background events in all bins -an overall normalization uncertainty across all off-axis locations. This reflects the difficulty in predicting QCD meson production. To parameterize the uncertainty itself we include an additional term in our test statistic for A, a Gaussian probability with width σ A = 10%. We also include an uncorrelated uncertainty in each bin, which we assume to be much narrower than σ A . This reflects the fact that, once you know the flux in one off-axis position, the flux in other positions is given by kinematics and thus is much easier to predict. We assume this uncertainty to be parametrized by a Gaussian with width σ f i = 1%. After marginalizing over the corresponding uncorrelated nuisance parameters, we can write down our test statistic as
Because the overall normalization uncertainty is relatively large we expect that any single-position measurement (i.e. collecting data on-axis only) will be systematics-limited. By making several measurements, with equal r m i , at different off-axis angles in the DUNE-PRISM detector, we will be able to significantly improve sensitivity to a level closer to the lower (uncorrelated) 1% uncertainty.
III. DUNE SENSITIVITY
For NS and ES channels, we will show DUNE sensitivity for three benchmark scenarios in order to compare. All three consist of an assumed 7 years total of data collection, and we define them as follows (see Tab. I for a summary)
• On-axis: All data collected on-axis, 3.5 years of each neutrino and antineutrino modes.
• DUNE-PRISM: Data collected for equal time at each on/off-axis position. 3.5 years of each neutrino and antineutrino modes.
• DUNE-PRISM-HE: Data collected for equal time at each on/off-axis position. 3 years of nominal neutrino mode, 3 years of nominal antineutrino mode, and 1 year of high-energy configuration in neutrino mode only. In both panels, we assume α D = 0.1. In red, blue and green we show the expected sensitivity using nuclear scatterings, electron scatterings (ES), and ES with vetoed ν e CCQE background (see text for details). For each search, we show expected limits from the scenarios defined in Section III: on-axis (dashed), DUNE-PRISM (upper solid), and DUNE-PRISM-HE (lower solid). Additionally, we show in purple the resulting expected limit when information on the recoiling electron energy, E e − , is included in the analysis. See Appendix D for details. We also show limits from laboratory experiments (grey, see Section IV), Planck limits (dashed orange) and the line on which the thermal relic abundance matches the observed abundance (black, dot-dashed). Symmetric initial DM abundance of χ andχ is assumed for the latter two.
As stated above, we assume a correlated flux normalization uncertainty σ A = 10%, independently for neutrino and antineutrino modes and for the high-energy configuration. Uncorrelated uncertainties in each on/off-axis position of σ f i = 1% were included as discussed in Sec. II D. The expected experimental sensitivities will be shown using only the NS channel (red), only the ES channel (blue), and only the ES channel assuming that the ν e n → e − p background can be completely vetoed (green). We also include an experimental sensitivity estimate for the DUNE-PRISM-HE benchmark assuming the experiment can leverage information regarding the recoiling electron energy E e − in purple. Appendix D explains this procedure in detail.
In the fermionic DM χ scenario, we display the results in Fig. 5 for this analysis assuming α D = 0.1 and M A = 3M χ (left) or fixing M χ = 20 MeV (right). In both figures, we show the result for the on-axis scenario in dashed lines. The DUNE-PRISM and DUNE-PRISM-HE scenarios are depicted as shaded regions, where the upper (lower) limit corresponds to the former (latter). The width of the region can be interpreted as the improvement when substituting one year of low-energy runtime with high-energy runtime. Existing limits, which will be explained in Section IV, are shown in grey for both DM candidates. Moreover, we show the lower limits obtained from matching the thermal relic abundance of χ with the observed one (black, dot-dashed) and from the Planck satellite (dashed orange) -see Section IV for more details. We display results assuming scalar DM φ in Fig. 6 with the same assumptions, α D = 0.1 and M A = 3M φ (left), or fixing M φ = 20 MeV (right). We see that, except for a small range of masses, the nucleon scattering channel (red) will not be able to improve on existing experimental constraints. Electron scattering will be able to improve sensitivity for many values of M A , and a substantial improvement is achieved when the ν e CCQE background is vetoed as described in Appendix C (improving from the blue to the green lines). This improvement can be as large as an order of magnitude on ε 2 over current limits.
For the right panels of Figs. 5 and 6, we assume a constant value of M χ (M φ ) = 20 MeV and vary M A . The features in the sensitivity curve can be understood by going back to the dark matter production mechanism. It can be seen in Fig. 1 that for a fixed DM mass, as M A grows, the DM production goes from off-shell to on-shell and back to off-shell. The first transition explains the strong feature near M A = 2M DM = 40 MeV, while the second is the source for the slight kink around M A = m π 0 .
All in all, we stress here the importance of two portions of the analysis strategy. First, the background rejection of ν e CCQE events in the search for DM-electron scattering events allows for an improvement by a factor of a few in the parameter ε 2 for nearly every mass M A . Secondly, we call attention to the importance of using the DUNE-PRISM concept to reduce the impact of correlated systematic uncertainties discussed in Section II D. By making measurements at several off-axis angles, we are able to extend the reach in ε 2 by a significant amount with the same amount of beam runtime. We expect that if DUNE-PRISM operates at even more off-axis angles, keeping the total exposure fixed, this sensitivity would improve further. The results obtained here show that DUNE-PRISM enables significant improvements in light dark matter searches, beyond the expected improvements regarding oscillation physics.
Lastly, we return to the parameter space presented in Fig. 1 . Sensitivity reaches were displayed in Figs. 5 and 6 along slices through this parameter space, either fixing the mass ratio or one of the two masses. Instead, here, we take another approach which provides a more comprehensive understanding of the experimental sensitivity. Fixing α D = 0.1, we scan over M A and M DM independently, and present a contour plot of the limit set on ε 2 Expected limits on ε 2 as a function of M A and DM mass assuming seven years of data collection at DUNE searching for DM scattering off electrons (more detail in text). For both scenarios, we also display regions of parameter space for which this expected limit saturates the target for which the DM relic density matches the observed relic density. For fermionic DM, we also shade in regions for which our expected limit saturates the lower limit from Planck.
by our analysis * . Fig. 7 displays the result of this procedure for the electron scattering analysis, assuming the ν e CCQE background has been vetoed and data are collected according to the DUNE-PRISM-HE scenario, i.e. 3 years of neutrino mode, 3 years of antineutrino mode, and 1 year of high energy configuration in neutrino mode. We include the improvement by measuring E e − discussed in Appendix D for this procedure. While different constraints on ε 2 exist for different points in this parameter space as discussed in Section IV, we choose to color all areas in which the limit set is below ε 2 = 10 −6 , roughly the limit from BaBar [39] which applies to nearly all of this mass range. Note that for M A > m η weaker contour limits on ε 2 exist, although they are not shown here.
For fermionic DM (Fig. 7 left) , we can ask the following two questions. First, for what combinations of masses M A and M χ does the expected limit on ε 2 saturate the lower limit obtained by Planck, assuming the initial abundance of χ and χ is symmetric? This region is shown in shaded green. Secondly, for what combinations of masses does the expected limit reach the relic abundance target Ω χ = Ω obs ? This is shown in shaded gray. For M χ > M A , neither of these limits may be reached, since in this region, the relic abundance is governed by the freeze-out process χχ → A A , which depends only on α D , being completely insensitive to ε. Even for M χ < M A < 2M χ , this freeze-out process may occur due to non-zero temperature effects, so we cannot saturate any limit there either [40, 41] .
If the DM is a scalar (Fig. 7 right) , we can also ask where the relic abundance target is satisfied, and find that the limit (shaded gray) is saturated for a larger region of parameter space than for fermionic DM. This is because the freeze-out process is velocity-suppressed, requiring larger ε to match the observed abundance. We see that for a large region of parameter space DUNE-PRISM will be able to reach the unexplored thermal relic DM region in parameter space. * In the previous analyses, we calculated limits by setting our ∆χ 2 function to be equal to 4.61 for a 90% confidence level estimate for two parameters. Here, we now set it to 6.25 for three parameters.
In summary, we find that, by performing a non-intrusive measurement, DUNE-PRISM could greatly improve our understanding of light dark matter scenarios by probing a large unexplored region of the parameter space. In the best scenario, DUNE-PRISM-HE with spectral information, the relic abundance target may be met in seven years of data taking for several dark sector particle spectra. To make a comparison † , DUNE-PRISM sensitivity is only a factor of ∼ 3 below the sensitivity of LDMX phase I, a proposed dedicated experiment to search light dark matter [42] . Moreover, due to the on-vs. off-axis method of DUNE-PRISM, even after seven years of running the experiment will still be statistically limited.
IV. EXPERIMENTAL TARGETS AND EXISTING CONSTRAINTS
For completeness, in this section we discuss how current experimental data constrain the DM/A scenario we consider. The addition to the particle content of a light dark matter candidate, χ (or φ) and of a vector mediator A may have an impact on a vast array of observables. These in turn may be translated into constraints on the parameters characterizing the model:
Theoretical constraints In general, models with sub-GeV DM lead to an overabundance of relic particles [43] , inspiring the inclusion of light mediators [44] [45] [46] [47] [48] . Theoretical considerations of the running of the U (1) D fine structure constant limit α D 0.1 − 0.5 [49] .
b. Dark matter relic abundance The relationship between M DM and M A plays an important role in the way the relic abundance freezes out thermally in the early Universe. The annihilation rate σ ann v primarily controls its present relic abundance, assuming no initial DM asymmetry, that is, identical number densities of χ and χ (or φ and φ † ). The process that drives this annihilation is DM annihilation to A A if M DM > M A , or to a pair of SM fermions via off-shell A if not ‡ . The tree-level annihilation cross section at relative velocity v for a fermion dark matter candidate is given by s-channel diagrams with e + e − , µ + µ − and light hadrons in the final state § :
where Γ is the dark photon width calculated at M A = 2M χ and the second term enters if M χ > M A (Θ denotes the Heaviside theta-function). For a scalar dark matter candidate, the annihilation cross section has a v 2 dependence which leads to a p-wave suppression of the annihilation rate at low velocities [50] :
where m f stands for the mass of the SM fermion in the final state. The requirement that χ (φ) comprises all the dark matter, Ω χ(φ) = Ω obs = 0.1186 h −2 [51] demands σ ann v ∼ 1 pb. As we can see here, this only translate into a required value of ε if M DM < M A . Thermal relic abundance provides a target sensitivity for DUNE-PRISM, below which the annihilation cross section is too small, leading to a large DM abundance, incompatible with experimental observations. If we assume an initial DM asymmetry, an even larger annihilation rate would be necessary to deplete the symmetric DM component [52, 53] . In this case, the thermal relic target is still useful as an experimental sensitivity goal. † Note that DUNE-PRISM is sensitive to the combination ε 4 αD, where LDMX is sensitive to ε 2 -comparing sensitivity of the two proposals requires choosing a value of αD. We set αD = 0.1 for comparison. ‡ In case the DM mass is below the A mass but not too much, the thermal DM distribution may still allow it to annihilate to A A , accounting for the correct relic abundance [40, 41] . We do not investigate this scenario. § The different thermal freeze-out channels have been studied in detail, see, e.g., Ref. [48] for more detail.
c. Cosmic Microwave Background Precision measurements of the Cosmic Microwave Background (CMB) by the Planck satellite set a lower limit on the quantity Ω 2 χ(φ) × σ ann v CMB . If this quantity is too large, late-time annihilations of light dark matter can reionize Hydrogen and distort the CMB spectrum at high multipoles [54] [55] [56] [57] [58] [59] [60] [61] . This process depends on the annihilation cross section at the time of reionization. For masses of interest, the DM we are considering freezes out much before reionization, leading to much smaller relative velocities of DM particles at reionization compared to freeze out. In the case of scalar dark matter, the annihilation cross section is p-wave suppressed [46] , that is, σ ann v ∝ v 2 , and hence this limit becomes very weak. This is also the case for Majorana or Pseudo-Dirac DM [62] . If DM is fermionic and asymmetric, this limit still applies, but in a slightly different way, constraining the quantity Ω χ Ω χ × σ ann v CMB [59] . In Fig. 5 , we display the limit placed by Planck in dashed orange, excluding the region below the line in each panel.
d. Beam-dump experiments A number of experiments similar in spirit to what we have proposed with DUNE-PRISM exist. Typically, dark photons are produced in a beam dump and (1) decay to dark matter which scatters off particles in the detector or (2) propagate and decay to visible particles in a detector. The most stringent constraints using the first signature, for the parameter region of interest, comes from the Liquid Scintillator Neutrino Detector (LSND) experiment [20, 25, 63, 64] , the electron beam dump experiment E137 [65, 66] , and the dedicated beam dump run of the MiniBooNE experiment [36] . If M A < 2M DM , several existing and proposed experiments are sensitive to signature (2) where dark photons decay visibly, usually to e + e − or µ + µ − [67, 68] . Stringent constraints can be set using a vast array of searches at experiments such as Orsay [69] , NA48/2 [70] , E137 [65] , E141 [71, 72] , E774 [73] , NA64 [74, 75] , muon or electron g − 2 [49, 76] , KLOE [77] among others.
e. B-factories Mono-(dark)photon searches at BaBar provide stringent constraints on light DM scenarios via either of the processes e + e − → γA * → γ invisible [39] or e + e − → γA * → γ + − , if M A < 2M DM [78] .
f. Other cosmological and astrophysical observations For DM masses on the MeV scale, their freeze out may disturb big bang nucleosynthesis processes, regardless of whether the DM is a scalar or fermion. These constraints typically impose M DM few MeV [79] [80] [81] [82] [83] . Moreover, a coupling between sub-GeV dark photons and dark matter also give rise to dark matter self-interactions. This may affect structure formation, DM halo distributions [84, 85] , and observations of the galaxy cluster collisions, such as the Bullet Cluster [86, 87] . These measurements constrain the DM-DM scattering cross section to be σ DM /M DM < O(1 barn/GeV) for M A 10 MeV [22, 88] .
V. DISCUSSION & CONCLUSIONS
In this manuscript we have estimated the sensitivity of the future DUNE experiment to light dark matter models taking into account the synergies of the DUNE-PRISM concept and the high energy beam configuration. Two scenarios were considered for the estimate: fermionic and scalar dark matter below the GeV scale which interacts with the SM particles via a light dark photon kinetically mixed with the photon. We have found that, in both cases, the experimental sensitivity is substantially increased by the DUNE-PRISM ability to look at events off the beam axis, while the high energy beam configuration mildly contributes to it. The improvement with the high energy beam comes from a different shape in the expected background, and this improvement could be more pronounced if the experiment runs longer in the high energy configuration. Regardless, DUNE-PRISM will allow the experimental sensitivity to reach regions of parameter space predicted by simple, thermal relic dark matter models, otherwise unattainable without a moving near detector.
The prominent role of DUNE-PRISM comes about due to two facts. The first is obvious: when going off-axis, neutrino induced backgrounds decrease faster than the dark matter signal. The second is related to the DUNE-PRISM capability of reconstructing the neutrino flux with electron scattering events. The neutrino-electron cross section is very well known theoretically (as opposed to neutrino-nucleus scattering). Therefore, the onaxis measurement, being signal-rich, serves to constrain the neutrino flux with high statistics. It constitutes a precise measurement of the on-axis background that is extrapolated with fine precision to off-axis positions, as the relation between on-to off-axis fluxes only depends on kinematics. Although the neutrino-nucleus scattering background, ν e N → e − N , could be worrisome due to the large cross section, it can easily be vetoed by an E e θ 2 cut which rejects all but very forward going electrons.
Our results indicate that DUNE-PRISM is sensitive to a large portion of unexplored parameter space, covering a significant region where thermal dark matter abundance is achieved. Besides, the use of spectral information further (Appendix D) improves the sensitivity, making DUNE-PRISM competitive with dedicated experiments in probing light dark matter scenarios. Specifically, we find that DUNE-PRISM will be sensitive to values of ε 2 only a factor of ∼ 3 higher than those probed by LDMX, an experiment designed specifically to search for light dark matter [42] . into two photons, which is Fig. 8 ) the dark photon is produced on-shell and we can use the narrow-width approximation. In this case, a neutral pseudoscalar meson will have a branching fraction of m → γA proportional to its γγ branching ratio:
For the entirety of this work, as long as M A > 2M DM , we assume Br(A → χχ(φφ † )) = 1 -this assumption is correct as long as α D ε 2 and decays of A → + − are suppressed. If M A < 2M DM (or M A > m m ) the narrow-width approximation cannot be used and the DM is produced via a neutral meson three-body decay (second and third diagrams in Fig. 8 ). In the following, we derive the expressions for the three-body decay branching fraction of m → γχχ (γφφ † ) for fermionic (scalar) DM, given in Eqs. (4) and (5).
We label the final-state momenta p 1 for χ (φ), p 2 for χ (or φ † ), and p 3 for γ. We define invariants as s ij ≡ (p i + p j ) 2 and will use the relation s 12 + s 13 + s 23 = m m + m 2 1 + m 2 2 + m 2 3 = m 2 m + 2M 2 χ to eliminate s 13 from our calculation. The matrix element for the diagram in Fig. 8 (center) is then
where µναβ is the Levi-Civita tensor and ε * (p 3 ) ν represents the outgoing polarization vector of the photon. For scalar φ, the matrix element is
After taking the matrix-elements squared and replacing dot products with s ij , we arrive at the kinematic threshold of the signal and ν µ e − scattering processes), meaning that we can place a cut on this quantity, retaining all of our signal, all of the ν µ e − → ν µ e − background, and less than 0.1% of the CCQE background (Note that the magnitude of the ν e CCQE background has to be rescaled due to the use of different bin widths.). 
and then a sum is performed over i and j. Our test statistic is then −2∆L, and we can determine limits on ε 2 accordingly. We can, as in Section II D, incorporate a correlated systematic uncertainty on the overall flux as well as uncorrelated systematic uncertainties on each position's normalization, by modifying L ij as 
where f i is the nuisance parameter normalizing the number of events at position i and A is the overall (correlated uncertainty) nuisance paramter. The test statistic then, is
As in the previous analysis, we assume σ f i = 1% for all i and σ A = 10%. We marginalize over all f i and A to calculate our estimated sensitivity. The improvement obtained when considering electron energy leads to roughly a factor of 2 stronger limits on ε 2 are expected for A and χ masses of interest, as shown in Figs. 5, 6 . Note that incorporating this will allow us to probe regions in which the relic abundance of χ matches the observed dark matter relic abundance for M χ = 20 MeV, M A 200 − 300 MeV.
